Abstract: Improvements to tapered photonic crystal fiber (PCF) fabrication have allowed us to make up to 50 m long PCF tapers with loss as low as 30 dB/km. We discuss the design constraints for tapered PCFs used for adiabatic soliton compression and demonstrate over 15 times compression of pulses from over 830 fs to 55 fs duration at a wavelength of 1.06 μm, an order of magnitude improvement over previous results. 
Introduction
Pulse compression in optical fiber can be used to provide controllable sources of ultrashort pulses for many applications. One of the most compact and versatile compression schemes is adiabatic soliton compression (ASC) in long lengths of dispersion decreasing fiber, which guarantees bandwidth limited output while still offering very high compression ratios [1, 2] . Until recently, ASC had not been demonstrated at wavelengths shorter than ∼ 1.3 μm because it requires anomalous group velocity dispersion, which is unachievable in conventional singlemode optical fiber below this wavelength. With the recent introduction of photonic crystal fiber (PCF) anomalous dispersion at shorter wavelengths has become possible [3] , and by tapering PCF we can achieve an anomalous dispersion-decreasing fiber below 1.3 μm. Here we demonstrate use of a tapered PCF for 15-times pulse compression to sub 50 fs pulses at a wavelength of 1.06 μm using ASC, confirming that high pulse compression ratios can be obtained with tapered PCF. With suitable fiber design engineering, compression to the few-optical-cycle regime will be possible. The 1.06 μm spectral region is a very important gain window for optical fiber lasers and amplifiers. The highest power CW and pulsed fiber-lasers have been demonstrated in this region [4] [5] [6] [7] . A high quality pulse compression scheme in this spectral range is thus very desirable. The most successful fiber based pulse compression schemes demonstrated to date include fiber-grating compressors [8] and soliton effect compressors [9] , along with adiabatic soliton compressors which are the subject of this paper [1, 2, 10, 11] . The first two techniques have been demonstrated and used many times at 1.06 μm [5, 12] .
Adiabatic soliton compression
Adiabatic soliton compression can be understood by considering the equation relating the soliton duration τ 0 = 0.568τ FW HM to the group-velocity dispersion coefficient β 2
where E s = 2P 0 τ 0 is the soliton energy, P 0 the peak power, N is the soliton order and γ = 2πn 2 /(cA e f f ) is the fiber nonlinearity coefficient, with A e f f the effective mode area of the fiber and n 2 the nonlinear refractive index. In what follows we also refer to the dispersion parameter D = −2πc|β 2 |/λ 2 and the soliton length z s = πτ 2 0 /(2|β 2 |) where c is the speed of light and λ is the wavelength.
Soliton propagation is adiabatic when the fiber parameters such as dispersion and nonlinearity, or the soliton energy (through gain or loss) vary slowly relative to the soliton length z s [10] . In this regime the total energy is contained in the soliton, which behaves according to Eq. (1) . In this case, it is clear that the soliton duration will change if either the dispersion or the nonlinearity is changed along the fiber. These parameters are changed by varying the core size (tapering) in a conventional fiber or by changing the microstructure parameters in a PCF. It has been shown that the length of the taper and the taper profile are not critical parameters for the soliton compression as long as the adiabatic condition is maintained by using sufficiently long tapers [13] . In this case, and neglecting the variation in γ, the input to output pulse duration ratio τ 0 /τ z is equal to the ratio of the input and output dispersion β 2 (0)/β 2 (z). In practice, the soliton energy is not constant, due to the attenuation of the fiber. This reduction of soliton energy leads to pulse broadening and so must be compensated for by additional dispersion decrease (indeed, this was the original inspiration for this technique [14] ). In contrast, additional gain increases the soliton energy and pulse compression can be achieved by this mechanism alone, typically using Raman amplifiers which are very well suited to provide the distributed gain required for adiabatic soliton propagation [15, 16] . Although true adiabatic compression is achieved by injecting N = 1 solitons it is possible to mitigate the effects of fiber loss and enhance the pulse compression by injecting pulses corresponding to 1 ≤ N ≤ 2. This can lead to considerably higher compression ratios without significantly decreasing the pulse quality [17] .
Outside of the adiabatic regime, the soliton will shed energy into non-solitonic radiation leading to spectral and temporal distortion of the pulse and therefore the useful pulse compression achievable will be limited. As the soliton length is proportional to the square of the pulse duration, this dictates that longer tapers are required for compression of longer pulses and hence for high compression ratios.
Design of dispersion decreasing PCF tapers
PCFs can provide very high anomalous waveguide dispersion and thus cancel the normal material dispersion of silica to produce optical fibers with anomalous dispersion at wavelengths as short as the visible. The decreasing dispersion required for ASC was achieved by using tapered PCF. Very short tapered photonic crystal fibers have previously been produced using simultaneous stretching and heating to post-process a fiber [18] . Last year, we demonstrated much longer photonic crystal fiber tapers which were produced at the drawing tower as the fiber was being drawn [19, 20] . These were designed for blue and ultra-violet supercontinuum generation from a 1.06 μm pump source. Recently a small compression (factor of 2) was demonstrated in a tapered PCF at 1.06 μm in an 8 m fiber [21] . The 2-fold decrease in dispersion and relatively high (150 dB/km) loss restricted the compression ratio. However, it is impossible to use these short tapers to achieve high compression ratios or to compress pulses longer than a few hundred femtoseconds because they are insufficiently long compared to the soliton period. In this paper we report tapers which are up to 50 m long and which have much lower loss, significantly broadening the range of applications for which tapered PCFs can be used. We report over 15 times pulse compression of pulses from over 800 fs to below 55 fs duration. Many parameters are available for control in a PCF tapering process. A solid core PCF is defined by its pitch Λ (the distance between cladding air-holes) and cladding air-hole diameter d/Λ (Fig. 2 shows the structure of the PCFs used in this paper, where the pitch and air-hole diameter can be clearly observed). Adjustment of these parameters allows for great control of the dispersion and nonlinearity along the fiber [3, 22] . The fibers used in our experiments were produced after extensive numerical modelling with the generalized nonlinear Schrödinger equation to optimize the interplay between the loss, dispersion and nonlinearity. In particular, the change in γ can be very significant and care must be taken to ensure that it increases as D decreases or some cancelling of the compression effect will occur.
The dispersion profiles of the PCFs used in the simulations were calculated using a fully analytical vector effective-index method [23] . The propagation of the solitons through the optical fiber was calculated from the generalized nonlinear Schrödinger equation [24, 25] , which we solved using an adaptive, symmetrized split-step Fourier method [26] . The simulations included the exact calculated dispersion and an accurate model of the measured Raman response of silica [27, 28] . To illustrate the importance of this interplay, Fig. 1 shows the results of numerical simulations of N = 1 soliton propagation in two tapered PCF structures which we investigated when designing our tapers. The first taper (S1) has a constant air-hole diameter to pitch ratio (d/Λ) while the pitch is increased by a factor of 2. This structure is similar to those we used for supercontinuum generation (though used here in reverse) [19, 20] . In this type of tapered PCF the zero dispersion wavelength moves to longer wavelengths (and towards the pump wavelength) and hence the dispersion at the fixed pump wavelength of 1.06 μm decreases. However, the nonlinearity γ also decreases as the effective area increases. The net result is much less compression than expected from the ratio of input to output dispersion values. In the specific case Fig. 1 , the dispersion ratio is 12 but compression is less than a factor of 2. In the second taper (S2) the air-hole diameter to pitch ratio is reduced by 20% and the pitch is reduced by just over 11%. This structure is similar to that used in the experiments described below. In this case, the dispersion at the pump wavelength decreases as the second zero dispersion wavelength of the fiber moves to shorter wavelengths. But in contrast to taper S1, the effective core stays approximately constant and hence so does the nonlinearity. In the specific case of Taper S2, the dispersion ratio is 13 but the simulated compression factor is over 8. By analyzing the PCF dispersion profiles in this way we determined that to achieve high compression ratios in PCF tapers it is advantageous to work around the second zero dispersion wavelength of the fiber, as this allows for decreasing the dispersion while maintaining the nonlinearity. Our tapered PCFs were produced by the conventional stack and draw process [3] . However, during the final draw down to fiber, the pitch and air-hole diameter were varied by stopping the preform feed and then restarting it in a controlled manner while simultaneously adjusting the air-hole pressure. This resulted in two tapers we label A and B. Figure 2 shows SEM images of the tapers. From these we measured the hole diameter to pitch ratio of Taper A to vary from 0.52 to 0.42 and the pitch to change from 1.44 to 1.25 μm. For Taper B the hole diameter to pitch ratio varies from 0.55 to 0.45, and the pitch changes from 1.48 to 1.20 μm.
Fabrication of dispersion decreasing PCF tapers
The dispersion of the fibers was measured using an interferometric technique. A short section (∼ 40 mm) of fiber was placed in one arm of a Mach-Zehnder interferometer equipped with a moveable mirror. An optical supercontinuum was used as a light source, and spectral interferograms were recorded for different values of the delay. From this the group delay was obtained, and used to find the group velocity dispersion. Figure 3 shows the measured dispersion curves for the two tapers. Taper A was 17 m long and had a measured dispersion changing from D ∼ 33 to∼ −5 ps nm −1 km −1 at 1.06 μm. Taper B was 56 m long and had a measured dispersion varying from D ∼ 40 to 10 ps nm −1 km −1 . In both tapers the attenuation was measured by the cut-back technique to be around 30 dB/km in the spectral range of interest. The nonlinearity of both fibers varies from about 40 to 50 W −1 km −1 with the core diameter varying from 2.2 to 2 μm. Although the dispersion of Taper A is slightly normal at the output, it is so only for a very short propagation length at the end of the taper (estimated from the previous cut-back of the taper), therefore we expect it to have only a small influence on the pulse compression process. The tapered PCFs were pumped with pulses from the fiber-grating compressor setup shown in Fig. 4 . A SESAM based mode-locked fiber laser producing linearly polarized 6 ps pulses was used as a seed source. This was amplified by an ytterbium fiber amplifier (output power ∼35 mW) and then passed through a length of normally dispersive polarization maintaining fiber (∼20 m) to apply a selective degree of approximately linear chirp to the seed pulses. Complete compensation of the chirp was achieved by varying the separation of a pair of transmission gratings. Thus we could provide pulses of between 100 and 900 fs by varying the length of the chirping fiber, the input power and the grating separation. The pulses always had a timebandwidth product of less than 0.75. These were then injected into the tapers with a coupling efficiency of approximately 60% and the output pulses were analyzed using a second-harmonic generation autocorrelator and an optical spectrum analyzer. The pulse energy was controlled using a half-wave plate before the polarized transmission gratings. The polarization of the pulses entering the tapered fiber was adjusted by an additional wave plate. The input pulse durations The results for Taper A are shown in Fig. 5 and Fig. 6 . The highest order soliton of N = 2 compressed to a pulse of sub 50 fs duration, a compression factor of over 13. It should be noted that the optimal soliton effect compression (SEC) of an N=2 soliton in an optimal fiber length will be a factor of 8 [29] , this would occur in a fibre length of 4.7 m and subsequent propagation would degrade the compression. Here we have a suboptimal SEC length and so the decreasing dispersion is clearly significant for obtaining the 13 times compression observed. However, the soliton length z s = 11 m in this taper, and thus the taper length of 17 m is insufficient for adiabatic compression alone. It is the combined effect of SEC and decreasing dispersion which achieves the pulse compression ratio of 13 in this taper as discussed in [17] . We believe that the output pulse duration from Taper A was inhibited slightly by the onset of normal dispersion at the end of the taper. Evidence of this can be seen from the spectra shown in Fig. 5(b) where for the N = 2 input, a dispersive wave at long wavelengths is observed. The compressed soliton is actually shifted to shorter wavelengths around 1050 nm and could be filtered from the dispersive components if desired. The short taper length with respect to z s and the normal dispersion at the end of the taper are the reason that a higher compression ratio for an N = 1 soliton was not achieved. The results for Taper B are shown in Fig. 7 and Fig. 8 . Compression to a 55 fs pulse was achieved at the highest pulse input soliton order N = 2, this is a compression factor of 15. In contrast to Taper A, a N = 1 soliton is compressed by a factor of 3 in this taper and hence the assistance of SEC is not required. However, a significant increase in compression is obtained for N > 1. The pulse spectra shown for the output of Taper B in Fig. 7(b) indicate soliton selffrequency shifting of the output solitons to longer wavelengths. By considering Fig. 3 it is clear that such a shift further decreases the dispersion and hence enhance the compression (although the dispersion at the very end of the taper is normal at 1200 nm it will be only for the very end of the taper and hence will not have significantly broadened the output pulses). This explains why the compression factor is so much higher than that expected from the dispersion ratio at the pump wavelength alone. We should note here that the use of the Raman shift to cause a soliton to compress through decreasing dispersion in a non-tapered fiber has also been observed [30] . From the spectra in Fig. 7(b) we confirmed that the time bandwidth product of the solitons was 0.31.
Experiment

Conclusion
In conclusion, we have demonstrated pulse compression ratios of over 15 in dispersion decreasing PCF by utilizing soliton compression at 1.06 μm. Pulses as short as than 55 fs have been produced from input pulses of 830 fs. This demonstration has proved that the use of PCF tapers can enable high pulse compression ratios through adiabatic soliton compression at wavelengths where it is impossible to use conventional optical fiber. By further reducing the fiber loss and by careful control of the third order dispersion it should be possible to produce even shorter pulses. This technique can also be used in many other regimes. By moving to the 1.55 μm wavelength region and correctly engineering the PCF taper, simulations indicate that few-cycle pulses may be achievable. Alternatively, the use of PCF tapers may allow for compression of pulses at visible wavelengths.
